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ABSTRACT: In a large (8 ha)  salt marsh restoration site, we tested the effects  of  excavating tidal creeks patterned after 
re ference  systems. Our  purposes  were  to enhance  understanding o f  tidal creek networks and to test the n e e d  to excavate 
creeks during salt marsh restoration. We compared  geomorphic  changes in areas with and without creek networks (n = 3: 
eax, h area 1.3 ha)  and moni tored  creek cross-sectional areas, creek lengths, vertical accretion, and marsh surface elevations 
for 5 yr that included multiple sedimentat ion events. We  hypothes ized that cells with creeks wou ld  develop dif ferent  marsh 
surface and creek network characteristics (i.e., surface  elevation change, sedimentat ion rate, creek cress-sectional area, 
length, and drainage density). Marsh surface vertical accret ion averaged 1.3 cm yr 1 with large storm inputs, providing the 
opportunity to assess the response  of  the drainage network to extreme sedimentat ion rates. The constructed creeks initially 
fi l led due to high accret ion rates but stabilized at cross-sedional  areas matching,  or on  a trajectory toward, equil ibrium values 
predicted by regional  regression equations. Sedimentat ion on the marsh surface was greatest in low elevation areas and was 
not  directly in f luenced  by creeks.  T ime  required for cross-sectional area stabilization ranged from 0 to > 5 yr, depending  on 
creek order. First-order constructed creeks lengthened rapidly (mean rate of  1.3 m yr 1) in areas o f  low elevation and low 
vegetat ion cover. New (volunteer)  creeks formed rapidly in cells without creeks in areas with low elevation, low vegetat ion 
cover, and high elevation gradient (mean rate of  6.2 m yr 1). After 5 yr, vo lunteer  creeks were,  at most,  one-fourth the area of  
constructed creeks and had not  yet reached the upper  marsh plain. In just 4 yr, the site's drainage density e x p a n d e d  from 
0.018 to re ference  levels of  0.022 m m 2 Pools  also formed  on the marsh plain due to sed iment  resnspension associated with 
wind-driven waves. We  conclude that excavated creeks jump-started the deve lopment  o f  drainage density and creek and 
channel  dimensions,  and that the tidal prism became  similar to those of  the re ference  site in 4 - 5  yr. 

I n t r o d u c t i o n  

Res to ra t i on  p rac t i t i one r s  are  o f t en  asked  to 
reestablish salt marsh  funct ions ,  bu t  tidal d ra inage  
networks are rarely inc luded  or  des igned  to ma tch  
those  in re te rence  marshes.  Instead,  sites are g r aded  
unti l  they are  s m o o t h  and  then  replanted~ with 
results tha t  have variable ecological  value (Zedler  
2001).  W i t h o u t  t idal c reek  ne tworks ,  r e s t o r e d  
marshes  may lack funct ions  associated with the  
t ransfer  of  biota~ waten sed imenL and  nutr ients  
f r o m  the marsh  inter ior  to ad jacent  coastal waters 
(Reed et al. 1999: D e s m o n d  et al. 2000: Crooks et al. 
2002). Recen t  work suggests tha t  tidal creeks shou ld  
be  i nco rpo ra t ed  into res torat ion sites to suppor t  
biological  diversity a nd  increase the  rate at which 
target  condi t ions  are achieved (Coats et al. 1995: 
M a d o n  et al. 9009: Morzar ia-Luna et al. 9004). 

T h e  self<Lesign a p p r o a c h  allows low-order  creeks 
to t o rm voluntarily- alter a higher-  o r d e r  channe l  is 
excavated and  the  site is g r aded  to an elevation that  
encourages  accre t ion (Hal t iner  et al. 1997; Crooks  
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et al. 2002: Williams and  Or r  2002). This a p p r o a c h  
has b e e n  used  in San Francisco Bay- and  in eastern 
U n i t e d  States areas, bu t  it may take 4-13 yr for  
c h a n n e l  d imens ions  to stabilize (Williams et al. 
2002) a n d  5 - 2 0  yr fo r  vege t a t i on  to es tabl ish  
(W]lliams and  Or r  2002). Marsh plain  sedimenta-  
t ion  rates are m o d e r a t e  and  available sed iment  is 
typically f ine-grained,  so that  once  a site accretes 
to m e a n  h ighe r  h igh  water (MHHW) level, the re  is 
min imal  c o n c e r n  tha t  s ed imen ta t ion  will restrict 
t idal  c i r cu la t ion  (Letzsch a n d  Frey 1980: Zeff  
1999: C o r n u  a n d  Sadro 2002: Williams and  O r r  

2002). Alternatives to self<[esign (e,g,, cons t ruc ted  
creeks) are requ i red  where  res tora t ion goals include 
shor t  t imelines, where  low sed iment  inputs  may 
lead to unaccep tab ly  slow d e v e l o p m e n t  o f  marsh  
elevations, or  where  ex t reme  sed imenta t ion  rates 
(>1 .0  cm yr a, or  5 times the rate o f  sea-level rise: 
M u n k  2003) are  likely ( O n u f  1987: Callaway a n d  
Zedler  2004: T h r u s h  et al, 2004). 

A l t h o u g h  tidal creeks shou ld  improve  vegeta t ion 
d e v e l o p m e n t  t h r o u g h  i m p r o v e d  dra inage  (Eer tman  
et al. 2002) and  fish use of  the  marsh  sin-face due  to 
i m p r o v e d  access (Minello et al. 1994: D e s m o n d  et 
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al. 2000; Madon  et al. 2001), only a few res torat ion 
projects have excavated creeks (Minello et  al. 1994; 
S imenstad  and  T h o r n  1996; E m m e r s o n  et al. 1997; 
Hal t iner  et al. 1997). Where  cons t ruc ted ,  tidal 
creeks have expe r i enced  significant e ros ion  and  
sed imenta t ion  (Simenstad and  Thorn  1996; Haiti- 
ne t  et al. 1997; Zeff 1999; E e r t m a n  et al. 2002; 
T h o r n  et al. 2002),  and  thei r  sustainabil i ty is 
uncer ta in  ( D e s m o n d  et al. 2000). In  o the r  res tored  
salt marshes,  creeks have f o r m e d  voluntarily. It  is 
unc lear  if cons t ruc ted  and  vo lun tee r  creeks will 
attain g e o m o r p h i c  condi t ions  comparab le  to refer- 
ence wetlands, and  if so, how quickly the networks 
will evolve. 

To date, few character izat ions  of  res tora t ion  sites 
d o c u m e n t  g e o m o r p h o l o g i c a l  d e v e l o p m e n t  in suffi- 
cient  detail to de te rmine  if dra inage  networks are 
comparab le  to natural  reference systems (Coats et 
al. 1995; D e s m o n d  et al. 2000; Callaway 2001; 
Williams et al. 2002). G e o m o r p h o l o g i c a l  processes 
on  the marsh  surface, such as wind-driven resuspen- 
sion, have b e e n  n o t e d  (Cornu  and  Sadro  2002; 
Williams et al. 2002) bu t  rarely quant i f ied  (Shideler 
1984; Ward  et al. 1984; Letzsch and  Frey 1980; 
Schoe l lhamer  1996). With pressure on  restorat ion-  
ists to p roduce  desi red ou t comes  and  manage  costs, 
it is impor t an t  to u n d e r s t a n d  how creeks and  marsh  
surfaces develop with and  wi thou t  excavated creeks. 

The  d imens ions  and  plan fo rms  of  tidal creeks in 
natural  systems were initially s tudied us ing hydraulic 
geome t ry  equat ions  (Myrick and  L e o p o l d  1963; 
Pes t rong  1965). In  an effort  to apply these tools and  
identify regional  parameters ,  researchers  in San 
Francisco Bay, California, e x p a n d e d  u p o n  empirical  
co r r e l a t i ons  l ink ing  c h a n n e l  d i m e n s i o n s ,  t idal 
prism, and  dra inage  area (Allen 2000; Williams et 
al. 2002). The  relat ionships can be used  to assess 
the ex tent  to which  creeks in res tora t ion  sites 
resemble creeks in reference  sites, or  how far a long  
the evolut ionary t rajectory they are to the equilib- 
r ium m o r p h o l o g y  (Williams et al. 2002). E m m e r s o n  
et al. (1997) m o n i t o r e d  tidal stage curves to assess 
morpho log ica l  and  hydraul ic  d e v e l o p m e n t  of  a site. 
Addi t ional  work  on  flows in salt marsh  tidal creeks 
(Boon 1975; Bayliss-Smith et al. 1979; Pethick 1980; 
Pye and  Allen 2000; Friedrichs and  Perry 200l) ,  
tidal prism (French and  S toddar t  1992; Lawrence et 
al. 2004), dra inage  densi ty (Coats et al. 1995; Zeff 
1999; D e s m o n d  et al. 2000), and  mode l ing  (Allen 
2000; Fagherazzi  and  Furbish  200l;  Fagherazzi  et  al. 
2004; D 'Alpaos  et al. 2005) established a f o u n d a t i o n  
for  e x p a n d i n g  knowledge in this area. 

To enhance  our  u n d e r s t a n d i n g  of  tidal creek 
networks and  to test the n e e d  to excavate creeks, we 
m e a s u r e d  the d e v e l o p m e n t  o f  g e o m o r p h i c  features  
in ou r  8-ha exper imenta l  res tora t ion  site (Friend- 
ship Marsh) at T i juana  Estuary in sou the rn  Califor- 
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Fig. 1. Friendship Marsh (al in Tijuana Estuary (bh CAifor- 

nia, USA (el. Aeri~ view of adaptive restoration site (al is from 
August l, 2003. Each ce]l had three habitats: mudflat~ Spar~i'aa 
(plants appear red h and marsh plain. Pods and volunteer creeks 
developed within 4 yr. 

nia (Zedler  2001). Replicate features  ( three cells 
with or  wi thout  creeks) allowed us to quantify the 
ex tent  and  rate o f  creek deve lopmenta l  change .  
Fol lowing ext reme s torm events, we assessed the 
response o f  tidal creek t rea tments  to sedimenta t ion .  
We tested the hypothesis  that  cells with excavated 
creeks would  develop di f ferent  creek ne twork  an d  
marsh  surface characteris t ics  by address ing  the 
fol lowing questions:  

What  variables affect tidal creek deve lopment?  
H o w  do creek cross-sectional area and  creek length  
differ in cells with and  wi thout  excavated creeks? 
How, a nd  at what  rate, do  excavated creeks adjust 
toward equ i l ib r ium m o r p h o l o g i e s  a nd  dra inage  
density o f  re ference  systems? 

What  variables affect marsh  surface deve lopment?  
Do vert ical  a c c r e t i o n  a n d  c h a n g e s  in surface 
elevation differ in areas with a nd  wi thout  excavated 
creeks? 

How do excavated creeks affect the d e v e l o p m e n t  
o f  tidal prism in compar i son  to reference  sites? 

STUDY AREA 

Ti juana Estuary is a 1,000-ha, marsh-domina ted ,  
coastal plain estuary at the m o u t h  o f  the Ti juana  
River jus t  no r th  o f  the U.S.-Mexico b o r d e r  in San 
Diego County,  California (32'~35'N, 117'~7'W; Fig. 1). 
This  Na t iona l  Es tuar ine  Resea rch  Reserve was 
recent ly  n a m e d  a Wet l and  of  In te rna t iona l  Impor -  
tance (Ramsar u n p u b l i s h e d  data).  Tidal  marshes  
domina te  b o t h  the no r th  and  south  arms of  the 
estuary, with vegeta t ion g r ad ing  f r o m  a fr inge o f  
Spartina foh'osa (Pacific cordgrass) ,  to a b r o a d  marsh  
plain d o m i n a t e d  by Salicornia virginica and  Jaumea 
carnosa, a h igh marsh  with subshrubs,  a nd  a saline 
bu t  nont idal  t ransi t ion to coastal scrub. 



Evolution of Tidal Creek Networks 7'97 

The tidal regime is semidiumal mixed tides, and 
basic flow patterns observed on site follow those of  
coastal California marshes, as d o c u m e n t e d  by 
Pestrong (1965, 1979). During the flood tide, flows 
entering the site are restricted to the confines of  the 
main channel and tidal creeks. Once the banks are 
topped over, flood flows increase in relation to the 
rapid increase in tidal prism, and the mudflat, 
Spartina habitat, and marsh plain become inundat- 
ed, the latter only- dur ing above-average tides. 
During the initial part of the ebb tide~ water drains 
in sheet flow from the marsh to the main channel, 
with little cross-flow to creeks. As water levels drop, 
ebb flows of high velocity- to tidal creeks become 
dominant  until flows occur only in tidal creeks and 
as minor  bank drainage along the main channel 
(Bayliss-Smith et aft. 1979: Fagherazzi et aft. 9004: 
Lawrence et al. 2004), Spartina habitats are in- 
undated twice daily and the marsh plain at least 
once daily on spring tides. On  neap tides, especially- 
in March and SeptembeL the marsh plain lacks tidal 
inundat ion for several consecutive days (Zedler et 
aft. 2001). Intense storms create surges of seawater 
that flow into the estuary, including the study area. 

The estuary's nor th  arm is the reterence site tor 
this study, as it is San Diego County ' s  least 
f ragmented salt marsh and one of  the few estuaries 
in the region with a near-continuous tidal connec- 
tion (Zedler 9001). The south arm includes Friend- 
ship Marsh, which was historically part of a large 
wetland complex that was buried by sediment and 
cut off tkom tidal circulation by the 1950s (estimat- 
ed from historical aerial photographs  (Zedler et al, 
1992). Members of  the Pacific Estuarine Research 
Laboratory-, Tierra Environmental  Services, and 
Rick Engineering Inc, (unpublished data) p lanned 
the restoration of tidal circulation to Friendship 
Marsh. Restoration began with excavation of  ap- 
proximately- 2 m of accumulated sediment in 1999. 
The exposed marsh soil was compacted but  other- 
wise similar to the reterence marsh soil (O'Brien 
and Zedler in press). Tidal circulation was reestab- 
lished in February 2000. To maximize the scientific 
benefit of this ambitious and costly endeavon the 
project was implemented as a replicated ecosystem- 
scale experiment for studies of  tidal creek networks 
(modeled after a network in the nor th  arm). 

Fluvial inputs to the study site are intermittent 
but important. Rainfall in the region's mediterra- 
nean-type climate averages 30 cm but is episodic 
and generally restricted to storms between Novem- 
ber and March. Summers are warm and dry. Fluvial 
inputs to difterent areas of the estuary- vary with 
geomorphic  setting. The north arm is surrounded 
by gently sloping topography,  and it becomes 
inundated by- floodwaters from the Tijuana River 
(Ward et al. 2003). The south arm has a local 

subwatershed in Mexico, and the steep slopes are 
composed of  loosely consolidated sediments that 
are continually being cleared of  stabilizing vegeta- 
tion for urban development. Friendship Marsh is 
connected  to a channel  that drains the steep slopes 
and outputs to Tijuana River. During intense 
storms~ sediment-laden floodwaters f rom the sub- 
watershed flow into the study- site. We assume that 
when such floods coincide with flood tides~ on-site 
sedimentation is enhanced,  While sedimentation 
from tidal sources is low (Weis et al, 2001; Elwany et 
al, 2003; Ward et al. 2003), fluvial sediment  
deposition is a primary- management  challenge tor 
Tijuana Estuary- and other  wetlands in the region, 
because it raises the marsh sin-face and fills creek 
networks (Onuf  1987: Greer and Stow 2003: Call- 
away- and Zedler 2004). The result is reduced tidal 
influence. 

EXPERIMENTAL DESIGN 

The 8-ha Friendship Marsh was constructed to 
have 3 areas with tidal creek networks and 3 without 
(reterred to as +creek~ -c reek ,  or --creeks cells: 
Fig. 1). Each cell had a drainage area of  1,3 ha, and 
those with tidal creeks were pat terned after a third- 
order  network in the north  arm with a comparable 
drainage area (tributary order based on Strahler 
1964). Creek dimensions were tailored to suit 
excavation equipment,  Cells without creeks had 
a flat marsh plain with a gradual slope in elevation, 
The main channel (tourth-order tributary-) along 
the nor th  side of all 6 cells conveys tidal flows into 
and out of  the cells, This channel was designed to 
hold water continuously and provide fish habitat, 
The channel 's  southern bank was relatively short 
(approximately- 0.5 m) where it met the excavated 
marsh sufface~ and its nor thern  bank was tall 
(approximately 2,0 m)~ steep~ and highly erodible, 
To mimic elevations of  the reference site (Zedler 
1982)~ the marsh plain in the cells was excavated to 
0.8 m (NGVD 29) and sloped tkom 0.8 m to the 
lowest point  of  the mudflat at 0,3 m. The restored 
marsh was surrounded by a berm on the wesL east, 
and south sides designed to prevent  sediment 
deposition tkom floodwaters. 

Native halophytes were planted in the cells, with 
each cell having the same treatments and configu- 
ration to avoid contounding the _+creek compar- 
isons (Zedler et al, 2001). Each cell had three 
habitats: unplanted mudflat (at the lowest elevation, 
adjacent to the fourth-order channel)~ a zone of  S, 
./btiosa planted as plugs at 2-m and 4-m spacings, and 
a marsh plain planted with five species (tollowing 
Keer and Zedler 2002: Callaway et al. 2003; Fig, 1), 
Kelp-amended plots were established in the Spartina 
zone on the east sides of every- cell at the time of 
excavation, as illustrated tor cells 5-6 in Fig. 9. The 
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Fig. 2. Map of the exper imenta l  design conta in ing six cells 
(labeled 1-6 in lower r ight  corner):  three were +creek, and  three 
were creek. Evet T habi ta t  within each cell conta ined marker  
hor izons  for sampl ing  sed imenta t ion .  Cells also con t a ined  
sed iment  elevation tables (SET) for measur ing  elevation change. 
Kelp compost  was added  to all 6 cells, as i l lustrated in cells 5 and  
6, where SETs were established to test effects of kelp a m e n d m e n t  
on marsh elevation. Constructed creek profile changes were 
measured  at pe rmanen t  transects labeled according to cell and  
habitat: C - main  channel ,  M - mudflat,  P - marsh plain, and  S 
- S p a r t i n a .  Volunteer  creek transects added  in 2004 are labeled v. 

t op  30-cm layer  o f  soil was r e m o v e d ,  m i x e d  with ke lp  
compos t ,  at a 2 : 1 ra t io  o f  soil  to kelp,  a n d  r e t u r n e d  
to plots .  D u r i n g  the  first  4 yr  (2000-2003) ,  F r i end -  
sh ip  Marsh  was essent ia l ly  ba re  (Fig. 1); vege t a t i on  
was sparse  in m u d f l a t  a n d  mar sh -p l a in  habi ta ts ,  
e x c e p t  for  Spa.rtir~a, which  covered  one-s ix th  o f  the  
80,000-m 2 m a r s h  surface.  

Methods 

We i n v e s t i g a t e d  g e o m o r p h o l o g i c a l  c h a n g e  in 
+ c r e e k  cells over  the  first  4-5  yr o f  r e s t o r a t i o n  by 
eva lua t i ng  s e d i m e n t a t i o n ,  r e s u s p e n s i o n ,  t ex tu re ,  
a n d  e leva t ion  c h a n g e  on  the  m a r s h  surface.  C r e e k  
a n d  c h a n n e l  m o r p h o l o g i e s  were  c h a r a c t e r i z e d  by 
m e a s u r i n g  cross sec t ions  us ing  t o p o g r a p h i c  surveys 
a n d  p l a n  f o r m  e s t i m a t e s  d e r i v e d  f r o m  a e r i a l  
imagery .  We used  these  da ta  to c o m p a r e  t idal  
p r i sm,  d r a i n a g e  densi ty,  a n d  c reek  a n d  c h a n n e l  
d i m e n s i o n s  in the  c o n s t r u c t e d  m a r s h  to the  n o r t h  
a rm r e f e r e n c e  site (Ent r ix  1991; D e s m o n d  et al. 
2000) a n d  r eg res s ion  equa t i ons  in the  l i t e r a tu re  
(Wil l iams et  al. 2002).  

SEDIMENT ACCRETION AND RESUSPENSION ON THE 
MARSH SURFACE 

We used  f e l d s p a r  m a r k e r  ho r i zons  to m e a s u r e  the  
a c c u m u l a t i o n  o f  s e d i m e n t s  on  the  m a r s h  surface  
( C a h o o n  a n d  T u r n e r  1989). In  Apr i l  2000, twelve 
0.5 • 0.5 m f e l d s p a r  p lo ts  were  e s t ab l i shed  in each  
cell,  with 4 p e r  hab i t a t  type (Fig. 2). Plots  were  
s a m p l e d  each  sp r ing  a n d  fall  t h r o u g h  Apr i l  2004, 
us ing  a kni fe  to ex t rac t  two cores  p e r  p lot .  W h e n  the  
s e d i m e n t  was h igh ly  u n c o n s o l i d a t e d  o r  the  m a r k e r  
h o r i z o n  was too  deep ,  we used  a c ryogenic  c o r e r  

( C a h o o n  et  al. 1996). T h e  d e p t h  o f  s e d i m e n t  
d e p o s i t e d  above  the  m a r k e r  h o r i z o n  was m e a s u r e d  
with a ca l ipe r  (n = 3 p e r  core) .  Cores  were  r e p l a c e d  
in the  p lo t  a n d  m a r k e d  with a b a m b o o  stake to 
avoid r e sampl ing .  Two cores  were  m e a s u r e d  p e r  
p lot ,  a n d  m e a n s  p e r  p lo t  were  used  for  da ta  analysis. 
M a r k e r  h o r i z o n s  were  r e p l a c e d  in new loca t ions  
a d j a c e n t  to o r ig ina l  p lo ts  w h e n  acc re t ion  e x c e e d e d  
the  d e p t h  o f  the  c o r e r  or  when  plots  were  lost  to 
e ros ion .  

I nc r ea se s  in d e p t h  o f  s e d i m e n t  b e t w e e n  the  
surface a n d  the  m a r k e r  h o r i z o n  i n d i c a t e d  acc re t ion  
b e t w e e n  s a m p l i n g  intervals .  Dec reases  in d e p t h  
were  i n t e r p r e t e d  as r e suspens ion .  O n  19 ou t  o f  
523 occasions ,  m a r k e r  h o r i z o n s  were  u n c l e a r  or  
absent ;  we a t t r i b u t e d  this to b i o t u r b a t i o n  a n d  d id  
n o t  r e c o r d  a m e a s u r e m e n t .  Because  m a r k e r s  c o u l d  
also be  lost  t h r o u g h  r e suspens ion ,  the  f r e q u e n c y  o f  
such events  may  be  u n d e r e s t i m a t e d .  

R e s u s p e n s i o n  was ana lyzed  first  a n d  t h e n  com-  
b i n e d  with acc re t ion  events  to assess n e t  change .  
R e s u s p e n s i o n  da ta  were  ana lyzed  by habi ta t ,  cell, 
a n d  season us ing  the  descr ip t ive  statistics f u n c t i o n  
in Excel  2002 (Microsoft ,  R e d m o n d ,  W a s h i n g t o n ) .  
M a r k e r  h o r i z o n  da ta  were  ana lyzed  at the  6-mo, 12- 
mo,  a n d  42-mo levels f rom Apr i l  2000 t h r o u g h  Apr i l  
2004. 

Al l  m a r k e r  h o r i z o n s  were  r e p l a c e d  af ter  the  42nd  
m o  d u e  to h igh  levels o f  acc re t ion  tha t  m a d e  core  
ex t r ac t i on  difficult;  so 48-mo da ta  were  n o t  i n c l u d e d  
in an analysis o f  cumula t ive  s e d i m e n t a t i o n .  Data  
f rom the  42-mo t ime p e r i o d  were  c o n v e r t e d  in to  
a n n u a l  averages  a n d  analyzed.  Because  s to rm inpu t s  
were  h i g h l y  va r i ab l e ,  we f o u n d  it  d i f f i cu l t  to 
i n t e r p r e t  the  a n n u a l  m e a n ,  b u t  we chose  this  
a p p r o a c h  in o r d e r  to c o m p a r e  da ta  to o t h e r  sites. 
T h e  stat ist ical  software R 2.0.1 (R. F o u n d a t i o n ,  
Vienna ,  Aust r ia )  was a p p l i e d  to s e d i m e n t a t i o n  da ta  
us ing  a f ixed  m o d e l  analysis o f  va r i ance  (ANOVA) 
a c c o u n t i n g  for  hab i t a t  type, p r e s e n c e  o r  absence  o f  
creek,  a n d  cell  (nes t ed  wi th in  c r e e k  f ea tu re ) .  In  the  
case o f  6-mo da ta  analyses,  t ime  was i n c o r p o r a t e d  
in to  the  m o d e l .  Res idua l  p lo ts  o f  12-mo a n d  42-mo 
s e d i m e n t  d a t a  d i s p l a y e d  h e t e r o s k e d a s t i c i t y ;  log  
t r a n s f o r m a t i o n s  r e d u c e d  skewness.  Since  6-mo da ta  
c o n t a i n e d  nega t ive  values  ( a t t r i bu t ed  to r e suspen-  
s ion) ,  n o  log  t r a n s f o r m a t i o n s  were  p e r f o r m e d .  We 
tes ted  a n u m b e r  o f  cont ras t s  sepa ra te ly  to f i nd  
s t a n d a r d  er rors ,  test  statistics, a n d  p values  us ing  an 
a l p h a  = 0.05. Tukey ' s  test was a p p l i e d  to f i nd  
d i f fe rences  be tween  cells. 

T h e  l oca t i on  o f  each  m a r k e r  h o r i z o n  p lo t  was 
d e t e r m i n e d  us ing  rea l - t ime  k i n e m a t i c  survey m e t h -  
ods  with a Le ica  SR530 Globa l  Pos i t i on ing  System 
(GPS; h o r i z o n t a l  a n d  ver t ica l  accuracy  o f  + 5  cm) in 
O c t o b e r  2004. A m a p  o f  cumula t ive  s e d i m e n t a t i o n  
over  42 m o  across the  site was i n t e r p o l a t e d  f rom 



marker horizon data using ordinary- kriging tunc- 
tions in ArcGIS 9 (ESRL Redlands~ California). The 
data were not transformed~ and an exponential  
m o d e l  nuggeL and all-inclusive n e i g h b o r h o o d  
structure were applied. Prediction error maps were 
examined to verify the accuracy of  interpolated 
contours. 

SEDIMENT TEXTURE 

In order  to characterize the texture of newly 
deposited sediment, we collected samples fi-om the 
top 2 cm of each habitat profile in +creek cells in 
October  2004 (totaling 9 samples) and analyzed 
them using the hydrometer  me thod  (Gee and 
Bauder 1986) and sonic sifting. Samples were pre- 
treated for humus fraction by digestion with 30% 
analytical grade hydrogen peroxide. The program 
PSA4 (Knox unpubl ished data) was used to provide 
percent  sand (>0.063 mm)~ silt (0.002-0.063 mm),  
and clay- (<0.002 mm). 

MARSH SURFACE ELEVATION CHANGE 

Sediment elevation tables (SET) allowed us to 
measure changes in marsh surf~tce elevation with 
millimeter-scale precision (Boumans and Day 1993: 
Cahoon et al. 1996). In February- 2000~ 8 SETs were 
installed as stable benchmarks by driving a 7.5 cm- 
d iameter  thin-walled a luminum pipe  into the 
g round  until reflasal (typically 3-4 m). Changes in 
wetland surface elevation were measured every 6 mo 
by attaching the portable SET instrument to the 
benchmark.  Elevations were measured at 36 points 
using pins at each benchmark (9 points measured 
with pins on a square grid at each of 4 positions). 
The SETs were adjacent to marker horizons, and 
the combined  data of  sediment accretion and 
changes in surface elevation allowed us to estimate 
compaction. One SET was installed in each of the 6 
cells in high-density Spartina plantings tbr a compar- 
ison of  processes in --creek cells. Two additional 
SETs were established in kelp-amended, low-density 
Spartina in cell 5 (+creek) and cell 6 ( - c reek :  Fig. 2) 
to evaluate any potential effect of  kelp on surface 
elevatio us. 

Some SET plots contained footprints, and these 
were recorded. When analyzing the data~ we initially 
excluded the sample locations with footprints. We 
later incorporated these locations when footprints 
were no longer visible, and did not observe any 
consistent differences in areas measured with and 
without footprints. We included the data f iom these 
locations in our  results based on the assumption 
that tidal action and sedimentation events eliminat- 
ed eftects of  tbotprints over time. SET data were 
analyzed by graphing the change in the surf~tce 
elevation against the marker horizon data for each 
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plot. Major dif tbrences in data  f rom marker  
horizons and SETs yielded evidence of compaction. 
The statistical software R 2.0.1 was applied to SET 
data at 6-mo levels using a fixed model ANOVA, 
with alpha - 0.05~ accounting tbr +kelp and - k e l p  
treatments (nested within creek feature), presence 
or absence of  creek~ and cell (nested within creek 
feature). 

GREEK AND GHANNEL MORPHOLOGY 

Creek and channel cross-section profiles were 
surveyed at 10 locations with an AutoLevel (vertical 
and horizontal accuracy of  2-3 cm) prior to tidal 
restoration in February 2000. Four cross sections 
were surveyed along the fourth-order main channel: 
one  approximately 10 m west of  the breach (cf., cell 
0 in Fig. 2), where the main channel  connects with 
a natural channel in an adjacent marsh, and three 
directly adjacent to the -creek cells. In +creek cells, 
creek mouth  cross sections of each third-order 
tributary- were surveyed 5 m upstream of the main 
channel.  Cross sections of  first-order tributaries in 
headwater areas (adjacent to marsh-plain habitat) 
were surveyed 10 m downstream of the creek end 
(Fig. 2). Cross-section end points were monumen-  
ted by driving 2-cm diameter PVC pipes into the 
g round  until relusal. Elevation positions at approx- 
imately 0.25-m intervals were recorded along each 
transect. Gross sections were surveyed at all loca- 
tions using an AutoLevel in June  2000~ September 
2001~ April 2002~ and April 2003. In October 2004, 
cross sections of  the first-order and third-order 
transects were surveyed with a Leica SR530 GPS. At 
this time, 6 additional transects were established at 
each of  5 volunteer tributaries: 5 transects on the 
marsh margin and 1 transect in the Spartina zone 
(Fig. 2). The 2004 data set was enhanced  by main 
channel  cross sections fi-om Elwany (unpublished 
data) using a Sokkia Set-5A total station and SDR-33 
electronic field data logger (vertical and horizontal 
accuracy of  2-3 cm). All data were corrected to 
meters above NGVD 29 and California Coordinates 
(NAD83). 

We also measured changes in elevation in the 
creek bed, defined as that port ion of  the creek bed 
submerged below low tide. From average water level 
data in 2003, we defined low tide as 0.15 m NGVD 
(Elwany et al. 2003). To measure bed levels for each 
transect fi-om 2000 to 2004, we took the mean of  all 
points below this level: in cases where the creek 
beds were above this level we averaged the lowest 
three points in the bed. To compare bed levels fi-om 
2000 to 2004, we subtracted the means. Changes in 
dep th  were then  c o m p a r e d  to marsh surface 
sedimentation data with permutat ion tests in R 
2.0.1. 
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Creek cross-sectional area was computed  follow- 
ing the methods of  Coats et al. (1995), where 
MHHW (0.88 m NGVD) was defined as the bankfifll 
level. In cases where the top of the bank was below 
the elevation of  MHHW~ the top of  bank at transect 
end pipes was projected vertically upward to the 
MHHW to provide a basis tor measurement  (Coats 
et al. 1995). Since no end pipes were established 
adjacent to volunteer tributaries, we used obvious 
breaks in the slope as reference points. Cross- 
sectional area was defined as area between MHHW 
and the survey points along the creek profile, and 
computed  using geometrical formulas. 

Tributary- lengths were estimated fi-om August 1, 
2003~ color-int~ared or thophoto  mosaic with 0.5 m 
(1.5 ft) pixels (Wild RC30 camera, Kodak Aero- 
chrome III Infrared film 1443, Estar Base: courtesy 
of  Rick Engineering~ Inc. (San Diego~ Calitbrnia) 
Cal Zone 406, units R) and 2000 design drawings in 
ArcGIS 9. Following the methods of  Desmond et al. 
(2000) and Coats et al. (1995) ~ we assigned tributary 
orders according to Strahler's (1964) modified rules 
of  the Hor ton  (1945) classification system. Tributary 
lengths were estimated using a program written in 
ArcView 3.0 (ESRL Redlands, California). Length 
data were evaluated by ordeL habitat~ cel l  and site 
levels using descriptive statistics in Excel 9002. 

Drainage densities were calculated by dividing the 
total tributary length by the contributing drainage 
area at cell (1.3 ha) and site levels. Calculations 
incorporated the main channel lengths draining the 
edge of each cell. Densities were compared  to values 
observed in the north arm reference marsh (Des- 
m o n d  et al. 2000) and to design standards for 
California marshes (Coats et al. 1995). 

TIDAL PRISM 

Potential mean diurnal tidal prism is defined as 
the combined storage volume of  the marsh surface 
and tributaries between MHHW and mean lower 
low water upstream of a location in the channel 
system (Goats et al. 1995). It represents the volume 
of  tidal water that is exchanged during an average 
tide assuming no restrictions on ebb or flood. The 
tidal prism of the marsh surf?tce (mudflat + Spartina 
zone + marsh plain) was calculated by- multiplying 
its area (8 ha-surface area of tributaries) by the 
depth of water at MHHW ( -  MHHW - mean 
marsh elevation). The design and as-built surveys 
provided marsh surt~tce elevations for 9000 that 
were then averaged. Marsh surt~tce elevation esti- 
mates for 2003 were found by adding cumulative 
accretion data to 2000 values and cross-referencing 
estimates with subsoil compaction data. Tidal creek 
tidal prism was calculated using the equation tor the 
volume of  cone frustums (Coats et al. 1995) using 
area and width data from transects and length data 

from 9000 and 9003 digital imagery-. Creek network 
tidal prisms were underestimated, since they were 
calculated from only two transects per  cel l  exclud- 
ing many second-order and first-order tributaries. 
Tidal prisms tor cell and site levels were calculated 
by summing marsh plain and tributary volumes for 
2000 and 2003. 

We applied hydraulic geometry regression equa- 
tions established by Williams et aft. (2002) to test 
how well tidal prism and drainage area predicted 
2003 cross-sectional areas. The regression equations 
represent equilibrium dimensions of stable creeks 
in salt marshes of  California. The tidal prism 
regression equation used was y - 0.0284~x ~ where 
y - tributary cross-sectional area (m e) and x - tidal 
prism (mS). The equation relying on drainage area 
to predict tributary cross-sectional area was y - 
2.4~x ~ where y - cross-sectional area (m e) and x - 
drainage area (me). Regression formulas were 
computed  in Excel 2009. The relatively flat topog- 
raphy made it difficult to identify drainage area and 
tidal prism boundaries. In the absence of a high- 
resolution digital elevation model  or hydraulic 
m o d e l  we developed a range of  probable drainage 
area and associated tidal prism for the three 
constructed creek networks. In identifying this 
range, we considered contr ibut ion to the tidal 
prism from the tidal creeks as well as over the 
marsh margin. Previous field work and models have 
identified that tidal creeks can contribute 30-40% 
of the total tidal prism to a drainage basin within 
the marsh (French and Stoddart 1992: Lawrence et 
al. 9004). For the minimum value of  the range, we 
selected the drainage area for each creek's cell 
(1.3 ha) and a minimum tidal prism corresponding 
to this area that was 40% of the total tidal prism. 
The maximum value of  the range corresponded to 
the maximum marsh surface area and volume that 
would drain th rough  each of  the three creek 
mouths. We selected the following drainage areas 
that extended beyond the cell boundary  for each 
creek: Creek 1 could potentially drain all of  cell 1 
and the western half of  cell 2. Creek 3 could drain 
all of  cell 3, the eastern half of cell 2, and the 
western half of  cell 4. Creek 5 could drain all of cells 
5 and 6, the eastern half of cell 4, and all of  cell 6. 
These high-end estimates assume that no water 
drains directly across the marsh margin: rather, all 
of  it drains through a creek mouth.  At some high 
tidal stages, we know water drains across the marsh 
margin. While this may overestimate the role of  
creeks~ it sets an upper  boundary- tor these cells. 
Actual drainage area and tidal prism should fall 
within the range provided.  We conduc ted  an 
additional assessment representing the middle of  
our  range using the maximum drainage area, but  
with the assumption that 40% of the tidal prism 
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Fig. 3. Box-plot for sediment  accumulat ion and resuspension 
on the marsh surface th rough  time (n = 523). Processes were 
episodic with h igher  sedimentat ion occurr ing in winter and most  
of  the resuspension occurr ing in summer.  Data outside of the first 
and third quartiles ace indicated with *. 

w o u l d  move  t h r o u g h  the  creeks  a n d  60% w o u l d  
move  across t he  marg in ,  with t he  e x p e c t a t i o n  tha t  
this  t h i r d  scenar io  w o u l d  be s t  s imu la t e  f i e ld  cond i -  
t ions.  F i r s t -o rde r  t r ibu ta r i e s  were  n o t  assessed,  s ince 
r eg re s s ion  equa t i ons  app ly  to t h i r d - o r d e r  c reeks  a n d  
h i g h e r  (Wil l iams et  al. 9002).  

R e s u l t s  

O u r  specif ic  f ind ings  to l low tb r  s e d i m e n t a t i o n ,  
r e s u s p e n s i o n ,  e l e v a t i o n ,  a n d  c h a n g e s  in cross- 
sec t iona l  a r ea  in a reas  +c reeks .  Af te r  p r e s e n t i n g  
the  si te-specific data ,  we c o m p a r e  d r a i n a g e  densi ty ,  
c r e e k  a n d  c h a n n e l  d i m e n s i o n s ,  a n d  t ida l  p r i s m  in 
t he  r e s t o r e d  site to r e f e r e n c e  cond i t ions .  

MARSH SURFACE SEDIMENTATION AND RESUSPENSION 

M a r k e r  h o r i z o n  d a t a  i nd i ca t e  tha t  t he  d o m i n a n t  
su r f ace  p roce s s  at  t he  si te was a c c r e t i o n  with 
p e r i o d i c  r e suspens ion .  M a j o r  s e d i m e n t a t i o n  events  
o c c u r r e d  in winters  ( m a x i m u m  6-mo acc re t i on  - 
9.5 cm) ,  wi th  lower  acc r e t i on  a n d  r e s u s p e n s i o n  
values in s u m m e r  ( m i n i m u m  6-mo - - 1 2 . 8  cm: 
Fig. 3). N e t  a c c r e t i o n  rates  t o r  all hab i ta t s  t i-om 2000 
to 2004 h a d  a m e a n  6-mo value o f  0.8 + 0.06 c m  (n 
- 523) a n d  an  a n n u a l  m e a n  of  1.3 + 0.12 c m  (n - 
68).  Af te r  acc re t ing  s e d i m e n t s  tkom F e b r u a r y  2000 
to Apr i l  9001, all habi ta t s  a n d  cells e x p e r i e n c e d  
s o m e  r e s u s p e n s i o n  (10-20% o f  t he  obse rva t ions  in 
all cells) .  Mudf la t ,  ,~parti,~a, a n d  m a r s h - p l a i n  habi ta t s  
e x p e r i e n c e d  r e s u s p e n s i o n  14%, 9%, a n d  16% o f  t he  
t ime ,  respect ively.  Most  (58 o f  67) r e s u s p e n s i o n  
events  were o b s e r v e d  in  the  s u m m e r ,  sugges t ing  
a seasona l  p a t t e r n ,  a l t h o u g h  the  s a m p l e  size was too  
smal l  to show stat ist ical  s ignif icance .  R e s u s p e n s i o n  
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Fig. 4. Mean (-+ SE) sedimentat ion according to habitat  (n = 
23, 22, and 23 for mudflat,  Sparti.~a, and marsh plain, re- 
spectively). Sedimentat ion was significantly different between 
habitats (p < 0.001, n 68.1 and decreased with elevation. There 
was a marginal  interact ion between creeks and habitat  (p = 0.052, 
n 68.1 such that +creek ceils exper ienced  more accumulat ion in 
the mudflat  but  less accumulat ion in Sparti.~ta habitats compared 
to creek ceils. Letters indicate significant differences at a lpha  
0.05 level. Elevation units are meters NGVD 29. 

values r a n g e d  tkom - 0 . 0 1  to - 1 9 . 8  cm over  a 6-mo 
p e r i o d ,  wi th  a m e a n  o f  - 0 . 8  + -0.22 cm. Resus- 
p e n s i o n  o c c u r r e d  f r equen t l y  (19 o f  67 observa t ions  
in  4 yr) in cell  6 a t  t he  east  e n d  o f  the  site. 

S e d i m e n t a t i o n  ( c o m b i n e d  a c c r e t i o n  a n d  resus- 
p e n s i o n  values)  va r i ed  with habi ta t s  (p always < 
0.001) a n d  cells (p < 0.05 at  cumula t ive  a n d  a n n u a l  
level) 'out n o t  in d i r ec t  r e s p o n s e  to c reeks  (p - 0.23, 
0.99, a n d  0.41 at seasonal ,  annua l ,  a n d  cumula t ive  
levels,  respectively-). S e d i m e n t a t i o n  was g rea tes t  in 
m u d f l a t ,  t o l l o w e d  by  ,Sparti,~a a n d  m a r s h - p l a i n  
hab i ta t s  (p < 0.001: u n t r a n s f o r m e d  a n n u a l  m e a n s  
were  2.2 + 0.12 versus 1.0 + 0.12 versus 0.5 + 
0.06 cm,  respect ively) .  Over  4 yr, t he  cen t ra l  cell  (3, 
+creeks)  e x p e r i e n c e d  the  g rea tes t  s e d i m e n t a t i o n  
( m e a n  - 5.9 + 1.39 cm) ,  while  cells 1 a n d  6 
e x p e r i e n c e d  the  least  ( m e a n  - 2.7 + 0.10 a n d  3.0 + 
0.53 cm,  respectively-). A l t h o u g h  s e d i m e n t a t i o n  was 
n o t  d i rec t ly  l i nked  to t he  c reek  t r e a t m e n t ,  the  
c o m b i n a t i o n  o f  c reeks  a n d  hab i ta t s  d i d  ma rg ina l l y  
affect  a n n u a l  s e d i m e n t a t i o n  in t he  l i nea r  m o d e l  (p 
- 0.059):  t he  g r a d i e n t  in  s e d i m e n t a t i o n  t}om 
muclf la t  to ,Sparti#a was g r e a t e r  in +c reek  cells d u e  
to h i g h e r  levels o f  a cc r e t i on  in t he  m u d f l a t  a n d  
lower  levels in t he  Spard#a hab i t a t  (Fig. 4). Cells 
w i thou t  c reeks  h a d  a less d r a m a t i c  d e c r e a s e  in 
s e d i m e n t a t i o n  t~om m u d f l a t  to ,~parti,~a habi ta ts .  I n  
o t h e r  words,  t he  d i f f e r ence  f r o m  the  mud.flat  to 
,_Spard,~a in  +c reek  cells ( u n t r a n s f o r m e d  a n n u a l  
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Fig. 5. Cumulative mean surface elevation and sedimentation 
over time for kelp treatments. Data depicted ate from SETs (mean 
-+ SE', n ranges from 3 to 7 per time interval) and marker horizons 
(mean + SE; n ranges from 2 to 5 per time interval) in Sparti*~a 
habitats of cell 5. Note that kelp amendment areas experienced 
increases in surface elevations that exceeded sediment accumu- 
lation. In kelp treatments, surface elevation lagged behind 
sedimentation indicating compaction. 

m e a n s  - 2.6 -+ 0.4 versus  0.8 _+ 0.1 c m )  was 
s ign i f i can t ly  h i g h e r  t h a n  in  - c r e e k  cel ls  (p - 0 .038:  
1.2 -+ 0.2 c m ) .  T h i s  r e l a t i o n s h i p  was also e v i d e n t  at  
t h e  6 - m o  leve l  (p - 0 .007?.  

SEDIMENT TEXTURE 

T h e  s e d i m e n t  a c c u m u l a t i n g  o n  t h e  m a r s h  snri~tce 
( d e p t h s  0 - 2  c m )  b e t w e e n  F e b r u a r y  2 0 0 0  a n d  
O c t o b e r  2004  h a d  a m e a n  o f  15 _+ 9% sand ,  65 -- 
8% s i l l  a n d  20 + 7% clay w h e n  s a m p l e s  f i o m  all 
hab i t a t s  w e r e  c o m b i n e d .  Sil t  c o n t e n t  was l o w e r  in  
t h e  m u d f l a t  a n d  ,_$parti~a hab i t a t s  c o m p a r e d  to t h e  
m a r s h  p l a i n  (49 -- 18% versus  59 _+ 7% versus  88 -- 
6%,  r e spec t ive ly ) .  Clay  was p r e s e n t  in  t h e  m u d l l a t  
and ,~partina s e d i m e n t s  (22 +- 15% versus  38 -- 8%,  
r e spec t ive ly )  b u t  was a b s e n t  f i -om t h e  m a r s h  p l a i n  
(0%) .  T h e  h i g h l y  va r i ab l e  s a n d  c o n t e n t  in  t h e  
m u d f l a t  (29 + 2 6 % )  was n o t  o b s e r v e d  in  Spard,~a, 
b u t  t h e  m a r s h  p l a i n  d i d  h a v e  a s a n d  c o m p o n e n t  (12 
_+ 6 % ) .  F r o m  west  to eas t  across  t h e  site,  m e a n  clay 
c o n t e n t  s h i f t e d  f i -om 10% to 35%~ m e a n  s a n d  
c o n t e n t  s h i D e d  f k o m  36% to 1%, a n d  m e a n  silt 
c o n t e n t  r a n g e d  f i-om 54% to 79%.  

E 

7 -  

6-  

5 

4 

3 -  

2 -  

I 

0 

- - ~ -  - 1 M, 3 ~ 

3M, 3 ~a 

5M, 3 'a Mud|lat creeks 

v . . . . . . . .  13 . . . . . .  0 

I 1P, 1 "~ 
A 3P, 1 = 

- - " ~ - , 5 R  1 = M a m h  p la in  c reeks  

t -  
O 

? 
r 

s 
o 

6 -  

~ 
4"z 

3 -  

2 

1- 

0 

0 

Main channel 

()'C., 4 t~' 

�9 2c ,  4 i~ 

- - 0 -  - 4C, 3 ra 

1343, 2 r~ 

I T t" I I 
1 2 3 4 5 

Years since construction in February 2000 

Fig. 6. Cross-sectional areas of constructed creek profiles at 
marsh plain, mudflat, and main channel positions over time. 
Profiles in the marsh plain did not experience significant change. 
Creek mouths in mudflats experienced initial reduction in area 
followed by stabilization around 3.5 m e . Main channels experi- 
enced initial reduction followed by an increase in cross- 
sectional area. 

SURFACE ELEVATION CHANGE 

W e  t b u n d  an  i n c r e a s e  in  m a r s h  s u r t h c e  e l e v a t i o n  
in  all cells. D a t a  f r o m  SETs  i n d i c a t e d  t h a t  a b s o l u t e  
e l e v a t i o n  i n c r e a s e s  w e r e  less t h a n  a c c r e t i o n  in  all 
b u t  ce l l  2~ wi th  t h e  d i f f e r e n c e  r a n g i n g  f r o m  1,4 to 
4.0 c m  o v e r  t h e  42 -mo  p e r i o d .  Cel ls  wi th  c r e e k s  
d i s p l a y e d  h i g h e r  ra tes  o f  subso i l  c o m p a c t i o n  t h a n  
- c r e e k  cel ls  ( m e a n  c h a n g e  in  e l e v a t i o n  - - 0 . 9  -- 
0,2 versus  - 0 . 4  + 0,3 c m  p e r  6 mo~ re spec t ive ly :  p 
- 0 .08) .  C o m p a r e d  to a reas  o f  - k e l p  t r e a t m e n t ,  
+ k e l p  a reas  e x p e r i e n c e d  e l e v a t i o n  i n c r e a s e s  g r e a t e r  
t h a n  a c c r e t i o n ,  s u g g e s t i n g  g r e a t e r  a c c u m u l a t i o n  o f  
o r g a n i c  m a t t e r  in  t h e  soil  wi th  k e l p  a d d i t i o n s  (Fig. 5: 
p < 0.001:  m e a n  c h a n g e  in  su r t a ce  e l e v a t i o n  - 0.8 
+ 0,2 c m  in  + k e l p  versus  - 1 . 1  + 0,2 c m  in  - k e l p ) ,  

CREEK AND CHANNEL CROSS SECTIONS 

S h o r t l y  a f t e r  t ida l  i n t r o d u c t i o n  ( F e b r u a r y  2000  
a n d  2001) ,  t h e  m a i n  c h a n n e l  a n d  c o n s t r u c t e d  c r e e k  
m o u t h s  los t  u p  to 47% o f  t h e i r  c ro s s - sec t i ona l  a r e a  
(Fig. 6).  F o l l o w i n g  this ,  t h e  c ros s - sec t i ona l  a r e a  
va lues  in t h i r d - o r d e r  m u d f l a t  c reeks  s tab i l i zed ,  wh i l e  
t h e  m a i n  c h a n n e l  b e c a m e  w i d e r  ( T a b l e  1). Cross-  
s e c t i o n a l  a r e a  c h a n g e s  v a r i e d  wi th  c r e e k  o r d e r  a n d  
g e o m o r p h i c  p o s i t i o n .  T h e  e a s t e r n  m a i n  c h a n n e l  



Evolution of Tidal Creek Networks 803 

TABLE 1. Cross-sec t ional  a rea  (Xcl b e d  level, and  m o r p h o l o g i c  c h a n g e  in creeks.  Cr  = creek, P = m a r s h  plain,  M = mudf la t ,  C = m a i n  
channe l ,  S = Spartina, and  v = volunteer .  

Ghange frOnl ~9000 to ~003 Change fxom ~003 to ~004 Net  change • ~9000 to ~9004 

Transect  (cel l  X c  area  B e d  ] e v d  X c  area B e d  leve l  X c  a e a  B e d  level 
Order  and habitat} (m~t (ml Morphologic change (m~t {rot Morpholo~c  change {na~l {rot Morpholo~c  change 

C o n s t r u c t e d  c reeks  
1'  1P 0.04 
1" 3P 0.03 
1'" 5P 0.21 
3" 1M - 3 . 1 6  
3" 3M 2.29 

3" 5M 1.59 

4" OC - 0 . 4 5  
4" 2C 0.70 

3" 4C 1.14 
1 ~ 2 + 6C - 1 . 4 1  

V o l u n t e e r  
1'" 4Sv 
2" 4My 
1'" 2My 
1'" 3My 
1'" 6My: 
1'" 6My e 

0.03 0.07 0.02 M i n i m a l  0.03 0.01_ 
M i n i m a l  M i n i m a l  

0.051~ 0.18 - 0 . 0 8  Scoured  bed  0.21 - 0 . 0 2 }  
0.05 j 0.00 0.00 M i n i m a l  0.21 0.05-  ~ 
0.23~ - 0 . 0 6  - 0 . 0 9 ~  Levees devel-  - 3 . 2 1  0.13"~ Cr nar rows and  
0.25 J Cr  fills 0.07 0 .12J  oped ,  Scoured  2.21 0.13 J fills 

banks  and  bed  
0.13 Scoured  b a n ~ ,  0.39 0.15 Scou ted  banks  1.20 0.02 Cr nar rows 

b e d  fills a n d  b e d  
0.13"~ 1.07 -0 .10~  Scoured  banks  0.62 0.03 Cr widens  
0.06 J Cr  shifts laterally,  0.57 0.02J a n d  b e d  0.14 0.07 Cr shifts la teral ly 

b e d  fills a n d  fills 

0.16 0.04 0.04 M i n i m a l  1.10 0.13 / Cr  nar rows and  
0.35 0.41 - 0 . 0 2  Scoured  banks  - 1 . 0 0  0.32 j fills 

a n d  b e d  

0.22 
0.71 ~ Cr  scours 
0.42 - 
0.42 
0.66 
0.34 

cross sections tar thest  f rom the mou th ,  nea r  cells 4 
a n d  6, e x p e r i e n c e d  c h a n n e l  na r rowing  due  to 
depos i t ion  *Yore the  adjacent  uns table  b a n k  (net  
loss - 1.1 and  1.0 m e, respectively in cells 4 and  6; 
Fig. 1). Main channe l  cross sections nea r  the  m o u t h  
(cells 0 a n d  9) e x p e r i e n c e d  widen ing ,  lateral  
shifting, and  filling (net  change  <0 .65  me). Third-  
o r d e r  creek cross sections in the  mndf l a t  also 
expe r i enced  nar rowing  and  filling (losses r a n g e d  
*}om 3.2 to 1.9 me: Table  1), and  levees deve loped  
in later years (Fig. 7). Headwate r  cross sections on  
t he  m a r s h  p l a i n  d id  n o t  e x p e r i e n c e  n o t a b l e  
changes.  Cor re la ted  with the  loss in cross-sectional 
area, the  creek b e d  levels increased in elevation, 
and  sed iment  accumula t ion  rates were three  times 
h ighe r  t han  for  mudflat ,  S])artina, and  marsh  plain 
c o m b i n e d  (p < 0.001: m e a n  - 13.4 _+ 3.8 cm [n - 
10] in creek beds  versus 4.4 + 0.43 cm [n  - 68] on  
the  marsh  surt?tce over  3 yr). 

While filling o f  cons t ruc t ed  creeks was wide- 
spread,  we also witnessed some erosion.  T e n  creeks 
ini t iated voluntari ly a long  the  marsh  marg in  a nd  
were first visible in 2009. By 9004, o n e  vo lun tee r  
creek e longa ted  into a headwater  area, and  its cross- 
sect ional  area  was 94% o f  tha t  tor  cons t ruc ted  
creeks in similar posit ions.  T h e  six vo lun tee r  creeks 
at the  marsh  marg in  averaged 14% o f  the cross- 
s e c t i o n a l  a r e a  o f  c o n s t r u c t e d  c r e e k  m o u t h s  
(Table  1). V o l u n t e e r  creeks were  m e a n d e r i n g  
dendr i t ic  (Wallace persona l  observat ion) ,  a t b r m  
typical o f  mud_flats in natura l  systems (Allen 2000). 

L E N G T H  AND DRAINAGE DENSITY 

Tota l  c reek  l e n g t h  i n c r e a s e d  fi-om 5,020 to 
6,160 m (Table 2), and  overall d ra inage  density- 
increased  23% fi-om 9000 to 9003, equa l ing  that  o f  
the  re fe rence  site (0.018-0.092 m m e: D e s m o n d  et 
al. 2000). We at t r ibute this increase in density to the 
headward  expans ion  o f  first-order a nd  second-order  
cons t ruc ted  creeks and  vo lun tee r  first-order creeks 
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Fig. 7. Cross-sect ional  prof i les  f rom the c r e e k  m o n t h  pos i t ion  
in  cell  1. This  p rofde  d e m o n s t r a t e s  how a cons t ruc t ed  m u d f l a t  
c r e e k  e x p e r i e n c e d  fi l l ing, na r rowing ,  and  levee d e v e l o p m e n t  
f r o m  2000 to 2004 (a to ta l  loss of  3.2 m 2 in cross-sect ional  area) .  
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TABLE 2. Comparison of morphometry data between cells with and without creeks and in different habitats over 4 yr. Ch main 
channel', it was designed to fourth-order dimensions but according to Strahler (1964), ranged from first to fourth along its length between 
2000 and 2003. M = mudflat, S = Sparti,ta, P = marsh plain. * North arm data from Desmond et al. 2000. ** Drainage density values are 
provided in ft ft : for comparison with Coats et al. (1995) design standard of 0.010 to 0.020 ft ft :. 

Mean number  Mean length Mean draSnage density Mean dr~dnage Mean dd-',q prism 
Trea tment  Date of creeks [m 1~ SEt] (m m *1 density t i t  i t  ~1 (m~l 

Order 
+Creek ceils (n 3) 2000 1'" 14 13.22 (1.0) 0.032 0.010 

2" 5 17.7 (3.4) 
3'" 1 77.46* 
Ch 1 65.8 (12.6) 

2003 1'" 13 17.3 (1.9) 0.034 0.010 
2" 4 22.1 (6.4) 
3'" 2 66.5 (14.1) 
Ch 1 71.6 (14.1) 

-Creek cells (n = 3.1 2000 1" 0 na 0.005 0.002 
2'" 0 na 
Ch 1 69.6 (5.8) 

2003 1'" 4 18.5 (6.8) 0.012 0.004 
2" 1 41.5* 
Ch 1 86.4 (8.1) 

Habitat 
+Creek ceils (n 3) 2000 M 6 12.1 (3.3) 0.019 0.006 

S 7 11.0 (2.0) 0.027 0.008 
P 6 20.7 (4.6) 0.016 0.005 

2003 M 10 14.7 (2.2) 0.040 0.012 
S 4 14.2 (1.9) 0.018 0.006 
P 6 18.6 (2.2) 0.014 0.004 

-Creek cells (n = 3.1 2000 M 0 0 0 0 
S 0 
P 0 

2003 M 7 53.1 (8.3) 0.031 0.010 
S 0 
P 0 

2,805 

2,185 

2,774 

2,218 

Entire site 2000 0.018 0.005 18,340 
2003 0.022 0.007 14,630 

North arm, Tijuana Estuary* 0.022 0.007 
Design standard** 0.010-0.020 

i n i t i a t i n g  at  t h e  m a r s h  m a r g i n  (Fig. 8). Cel ls  wi th  
c r e e k s  e x p e r i e n c e d  a m e a n  i n c r e a s e  in d r a i n a g e  
d e n s i t y  o f  7% ( f r o m  0,032 to 0 ,034 m m - e ) ,  wi th  t h e  
g r e a t e s t  i n c r e a s e  o c c u r r i n g  in  ce l ls  f a r t h e s t  f r o m  t h e  
m o u t h .  Cel ls  w i t h o u t  c r e e k s  saw a m e a n  i n c r e a s e  o f  
140% (0.05 to 0,012 m m - e ) ,  t h o u g h  to t a l  l e n g t h  
r e m a i n e d  m u c h  s m a l l e r  t h a n  in  + c r e e k  cells. 

F i r s t - o r d e r  c r e e k s  g r e w  o v e r  t i m e ,  wi th  t h e  to t a l  
n u m b e r  i n c r e a s i n g  f r o m  43 to 49 c reeks  a n d  l e n g t h  
i n c r e a s i n g  t k o m  658 to 870 m.  S e c o n d - o r d e r  c r e e k s  
d e c r e a s e d  in  to t a l  n u m b e r  (5 to 4) wh i l e  i n c r e a s i n g  
69% in  to t a l  l e n g t h  (266 to 460 m)  a n d  82% in  
m e a n  l e n g t h  (18 to 32 m ) ,  T h i r d - o r d e r  s e g m e n t s  
d e c r e a s e d  in  to t a l  a n d  m e a n  l e n g t h  (368 to 335 m 
a n d  92 to 84 m ,  r e spec t ive ly )  d u e  to f i l l ing  in  t h e  
t h i r d - o r d e r  c r e e k  in  cel l  3, T h e  m a i n  c h a n n e l  
( d e s i g n e d  to f o u r t h - o r d e r  capaci ty)  d i d  n o t  c h a n g e  
in  l e n g t h .  

T h e  c h a n g e  in  s e g m e n t s  v a r i e d  ac ross  hab i t a t s  t o r  
al l  cel ls .  T h e  m u d f l a t  h a b i t a t  e x p e r i e n c e d  a n  
i n c r e a s e  in  n u m b e r  o f  s e g m e n t s  (18 to 31)~ to t a l  
s e g m e n t  l e n g t h  (715 to 1 A 9 4  m ) ,  a n d  m e a n  l e n g t h  

(40 -- 10.9 to 48 -- 7.9 m ) .  T h e  n u m b e r  o f  s e g m e n t s  
a n d  t h e i r  l e n g t h s  d e c r e a s e d  in Spardna a n d  m a r s h -  
p l a i n  hab i t a t s  ( T a b l e  2).  

TIDAL PRISM 

P o t e n t i a l  m e a n  d i u r n a l  t ida l  p r i s m  was r e d u c e d  
f r o m  1&340 to 14,630 m s d u e  to s e d i m e n t a t i o n  f r o m  
2000 to 2003,  T h e  m a j o r i t y  o f  t h e  t ida l  p r i s m  was o n  
t h e  m a r s h  su r thce  (15~802 a n d  12,548 m s in  2000 a n d  
2003,  r e s p e c t i v e l y ) ,  r a t h e r  t h a n  in  t i le  d r a i n a g e  
n e t w o r k  (2~538 versus  2~082 m s in  2000 a n d  2003~ 
respec t ive ly ) ,  M o s t  (88%)  o f  t h e  v o l u m e  lost  was 
a t t r i b u t e d  to  s e d i m e n t a t i o n - i n d u c e d  i n c r e a s e s  in  
e l e v a t i o n  o f  t h e  m a r s h  sur face :  wh i l e  t i le  r e m a i n i n g  
loss was a t t r i b u t e d  to f i l l ing  in  t h e  m a i n  c h a n n e l  
( a c c o u n t i n g  f o r  5% o f  t i le  v o l u m e  lost)  a n d  to f i l l ing  
o f  t h e  t r i bu t a r i e s  o n  t h e  m a r s h  p l a i n  (based  o n  two 
cross  sec t ions  p e r  c e l l  s u c h  f i l l ing  c o n t r i b u t e d  7% o f  
t h e  v o l u m e  lost) .  T o  c a l c u l a t e  t h e  e f f ec t  o f  su r f ace  
e l e v a t i o n  c h a n g e s  o n  t idal  prism~ we  assessed t h e  
p o r t i o n  o f  t h e  su r f ace  t h a t  i n c r e a s e d  in  e l e v a t i o n  by  
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Fig. 8. Map of  sed iment  accretion contours,  changes  to the 
const ructed creeks, and  volunteer  creek formation.  After 42 mo,  
the  entire site accreted sed iment  ranging  f rom 1.5 to 13.5 cm with 
h ighes t  levels occurr ing in mudflats  and  lowest levels on  the 
marsh  plain. Cells with creeks exper i enced  bo th  filling of  
const ructed creek segments  and  l eng then ing  in others. Cells 
without  creeks gained volunteer  creeks ex tending  f rom the edge 
of  the  main  channe l  into the  mudflat .  

a m e a n  o f  4.6 cm due  to ke lp  a m e n d m e n t s  (7% o f  
the  site area) ,  in c o m b i n a t i o n  with the  r e m a i n i n g  
areas  (93% o f  site area)  tha t  e x p e r i e n c e d  c o m p a c t i o n  
o f  1.1 cm. We f o u n d  tha t  the  ca lcu la ted  subsoi l  
c o m p a c t i o n  wou ld  cause t idal  p r i sm changes  to vary 
by 3.5% for  the  3-yr pe r iod .  

C o m p a r e d  to the  e q u i l i b r i u m  values  o f  Wi l l iams  
et  al. (2002; t idal  p r i sm = 7 -15% the  p r o d u c t  o f  
m a r s h  a rea  a n d  d i u r n a l  t ide  r ange ) ,  the  t ida l  p r i sm 
at F r i e n d s h i p  Marsh  was 12% of  the  p r o d u c t  o f  
m a r s h  a rea  a n d  d i u r n a l  t ide  r a n g e  in 2000 a n d  10% 
in 2003. Us ing  da ta  o f  En t r ix  et  al. (1991) for  t idal  
r ange ,  area,  a n d  v o l u m e  o f  T i juana  Es tuary ' s  n o r t h  
a n d  sou th  arms,  we ca l cu la t ed  r e f e r e n c e  t ida l  p r i sms  
tha t  were  16% and  12%, respect ively,  o f  the  p r o d u c t  
o f  m a r s h  a rea  a n d  d i u r n a l  t ide  range .  

MORPHOMETRY REGRESSIONS FOR CONSTRUCTED 

CREEK S'~BTEMS 

We obse rved  tha t  the  t h i r d - o r d e r  c r e e k  cross- 
sec t iona l  areas  s tab i l ized  by 2003 (Fig. 6) a n d  asked  
how the  m e a s u r e d  cross-sect ional  areas  c o m p a r e d  to 
r eg res s ion  equa t i ons  o f  Wi l l i ams  et  al. (2002).  We 
f o u n d  tha t  2003 t ida l  p r i sms  for  each  c o n s t r u c t e d  
c r eek  n e t w o r k  p r e d i c t e d  a r a n g e  o f  cross-sect ional  
a r ea s  t ha t  i n c l u d e d  the  o b s e r v e d  d i m e n s i o n s .  
M o d e r a t e  t ida l  p r i sm es t ima tes  w h e r e  ne tworks  
d r a i n e d  40% of  n e a r b y  cells ( r a n g i n g  f rom 1,377 
to 2,235 m 3 p e r  +c reek  ne twork)  p r e d i c t e d  cross- 
sec t iona l  areas  o f  3 .1-4 .2  m 2 tha t  closely m a t c h e d  
the  obse rved  t h i r d - o r d e r  t r ibu ta ry  values  o f  3 .2 -  
3.9 m 2. Regress ion  equa t i ons  us ing  m i n i m u m  t idal  
p r i sm values,  w h e r e  each  c reek  n e t w o r k  was l im i t ed  
to d r a i n i n g  only  40% v o l u m e  o f  the  1.3-ha a rea  
(pr i sm r a n g i n g  f rom 817 to 948 m3), p r e d i c t e d  
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cross-sect ional  areas  o f  2 .2-2 .4  m 2. Us ing  m a x i m u m  
t idal  p r i sm es t imates  (where  ne tworks  d r a i n e d  100% 
v o l u m e  o f  n e a r b y  cells, r a n g i n g  f r o m  3,444 to 
5,588 m3), we p r e d i c t e d  t h i r d - o r d e r  cross-sect ional  
areas  o f  5 .6-7 .6  m 2. T h e  d r a i n a g e  a rea  r eg ress ion  
e q u a t i o n  (Wil l iams et  al. 2002) p r e d i c t e d  a r a n g e  o f  
cross-sect ional  a reas  tha t  i n c l u d e d  the  m e a s u r e d  
values.  M i n i m u m  d r a i n a g e  a rea  es t imates  (1.3 ha- 
cel l  1) p r e d i c t e d  c r e e k  m o u t h  a r eas  o f  2.9 m 2 
c o m p a r e d  to the  obse rved  values  o f  3.2, 3.5, a n d  
3.9 m 2. M a x i m u m  d r a i n a g e  a rea  values  ( f rom 1.95 
to 3.25 ha)  p r e d i c t e d  cross-sect ional  areas  o f  4 .0 -  
6.0 m 2. 

W h e n  ana lyz ing  the  cross-sect ional  a reas  o f  the  
f o u r t h - o r d e r  m a i n  c h a n n e l  ou t l e t  ( t r ansec t  0C; 
Fig. 6), we obse rved  tha t  the  c h a n n e l  a rea  ini t ia l ly  
d e c r e a s e d  b u t  t h e n  c o n t i n u e d  to e x p a n d  f rom 2000 
to 2004,  i n d i c a t i n g  t h a t  i t  h a d  n o t  r e a c h e d  
e q u i l i b r i u m  m o r p h o l o g y .  We c o m p a r e d  the  cross- 
sec t iona l  a rea  values  p r e d i c t e d  by the  r eg ress ion  
equa t i ons  o f  Wi l l iams  et  al. (2002) as a test  to see 
how far  away f rom an e q u i l i b r i u m  d i m e n s i o n  the  
c h a n n e l  m i g h t  have b e e n  in 2003. A t ida l  p r i sm of  
14,630 m 3 for  the  en t i r e  site p r e d i c t e d  a m a i n  
c h a n n e l  f o u r t h - o r d e r  ou t l e t  a r ea  o f  14.3 m 2 versus 
the  m e a s u r e d  va lue  o f  5.2 m 2. T h e  en t i r e  site 
d r a i n a g e  a rea  o f  8.6 ha  (8.0 h a  for  the  m a r s h  + 
0.6 ha  for  the  m a i n  c h a n n e l )  p r e d i c t e d  a four th -  
o r d e r  m a i n  c h a n n e l  ou t l e t  a r ea  o f  12.6 m 2 com-  
p a r e d  to the  5.2 m 2 m e a s u r e m e n t .  

Discuss ion  

Tida l  c r e e k  ne tworks  are  cr i t ical  to the  s t ruc tu re  
a n d  f u n c t i o n i n g  o f  coasta l  salt m a r s h e s  (Pe th ick  
1984; Al len  2000; F r i ed r i chs  a n d  Per ry  2001; Vivian- 
Smi th  2001; Wi l l iams  a n d  D e s m o n d  2001),  yet  only  
a few r e s t o r a t i o n  p r o j e c t s  have  d e s i g n e d  a n d  
excava ted  creeks  (Mine l lo  et  al. 1994; S i m e n s t a d  
a n d  T h o m  1996; E m m e r s o n  et al. 1997; C o r n u  a n d  
Sadro  2002; E e r t m a n  et  al. 2002).  Few pro jec t s  have 
d o c u m e n t e d  the  dynamics  o f  c o n s t r u c t e d  c reeks  or  
f o r m a t i o n  o f  v o l u n t e e r  c reeks  (Coats  et al. 1995; 
Wi l l iams  et al. 2002).  I t  r e m a i n s  u n c l e a r  w h e t h e r  
c reeks  n e e d  to be  c o n s t r u c t e d  o r  i f  v o l u n t e e r  creeks  
will a t ta in  g e o m o r p h i c  c o n d i t i o n s  c o m p a r a b l e  to 
r e f e r e n c e  sites. T h e  ra tes  o f  g e o m o r p h i c  evo lu t ion  
are  also p o o r l y  known.  

By d e s i g n i n g  o u r  r e s t o r a t i o n  site to i n c l u d e  
r ep l i ca t e  cells with a n d  wi thou t  mimics  o f  a na tura l -  
ly -occur r ing  c r eek  ne twork ,  we were  able  to com-  
p a r e  g e o m o r p h i c  d e v e l o p m e n t  a n d  state. Because  
the  site e x p e r i e n c e d  e x t r e m e  s e d i m e n t a t i o n ,  we 
were  able  to evaluate  r es i l i ence  to d i s t u r b a n c e  with 
a n d  wi thou t  creeks.  O u r  resul ts  for  the  first  5 yr 
i nd ica t e  tha t  the  c o n s t r u c t e d  creeks  a l lowed the  site 
to deve lop  g e o m o r p h i c  charac te r i s t i cs  ( d r a i n a g e  
densi ty,  t ida l  pr i sm,  a n d  c reek  d i m e n s i o n s )  tha t  
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were compal~able to the reference  system, Cells with 
only volunteer  creeks developed much  lower drain- 
age density- and established tidal creek circulation 
only in the low-elevation habitats. By examining 
addi t ional  factors  that  con t r ibu te  to d ra inage  
network evolution, we discuss how reterence site 
geomorphic  conditions may be achieved. 

TIDAL CREEK DEVELOPMENT 

Cross-sectional area measurements  indicated that 
excavated creek profiles initially contracted and 
then  stabilized at values closely matching  those 
predic ted  by regression equations. We discuss how 
tributaries of different order  approached  equilibri- 
u m  dimensions at varying rates according to flows 
and  sed iment  load. While creek profi les were 
stabilizing, the d ra inage  network increased  in 
length and density, 

Previous authors have observed that  newly exca- 
vated channels  r e spond  to hydraulic tbrces by 
s lumping and  filling as they adjust toward equilib- 
r ium morphologies  (Coats et al. 1995: Hal t iner  et  al. 
1997: Zeff 1999: Eer tman et al, 2002: Thorn et al. 
9002). At Friendship Marsh, the eastern section of  
the ma in  channe l  expe r i enced  filling that  we 
attribute to s lumping of  unstable bank materials 
and also over-sized four th-order  dimensions,  where 
second-order  dimensions would have served the 
small drainage area (1.3 ha). S lumped material  in 
the main channel  bed  was likely reworked through-  
out  the site and combined  with heavy sediment  
loading f rom the local subwatershed, resulting in 
initial accumulat ion in the excavated creek net- 
works. In San Francisco Bay, Williams et al. (9002) 
described existing, rapidly evolving channels that 
moved  toward equil ibrium morphologies  in 4-13 yr. 
After the third-order  and  tbur th-order  tributaries in 
Friendship Marsh filled with sediment,  they stabi- 
lized at cross-sectional areas ma tch ing ,  or  on  
a trajectory toward, equil ibrium values predic ted  
by regression equations developed f rom natural salt 
marshes of  Calitbrnia. At Friendship Marsh, adjust- 
men t  periods increased with creek order,  with first- 
order  tributaries on the marsh plain stable through-  
out  the study, third-order  creek mouths  stabilizing 
after 6 mo,  and the western section of  the main 
channel  steadily increasing in area over the 5-yr 
period.  Cross-sectional areas of proper ly  designed 
and  excavated creeks (third o rder  and  lower) 
stabilized within 6 mo, 

The  increased time required tbr  h igher  order  
creeks to reach stabilized cross sections is suppor ted  
by the work of Friedrichs and  Perry (2001), who 
indicate that smaller creeks are generally more  
dynamic and  that the evolution rate of  creek cross 
sections decreases with increasing channel  size. 
Recent model ing indicates that the deve lopment  

of  creek cross-sectional area is control led by- the 
balance of sedimentat ion and erosion related to 
spring tide ebb and f lood flows and  the autoconso- 
lidation of  cohesive sediments that  limit downward 
cutting (Fagherazzi and Furbish 9001). Flood tides 
in t roduce sediment  to creek networks (Pestrong 
1972: Christiansen et al. 2000: Voulgaris and  Meyers 
9004) and, in Friendship Marsh, loads are likely 
highest when a s torm event combines  fluvial flows 
with tidal flows, During such floods, high velocity 
flows would carry- sediments f rom the main channel  
into creek beds. When  flood flows over topped  creek 
banks, sediments would be  redistr ibuted to the 
marsh  surface. In the first 5 yr, first-order tributaries 
likely exper ienced  minimal cross-sectional changes 
compa red  to third-order  tributaries, because they 
received fewer f lood flows that  would deposi t  
sediment  and cause filling and exper ienced  less 
fi-equent inundat ion  and  more  f requent  exposure,  
which would increase cohesiveness of  the creek 
bed  and limit down-cutting. Filling of third-order  
tributaries cont inued  tbr  6 mo until  equil ibrium 
dimensions were reached between the f lood tide 
sed imen ta t ion  and  the ebb  tide erosion.  T h e  
main channel  took longer to adjust, since coarse 
bed  load sediments (observed in sandbars and 
ripples: Wallace personal  observation) took longer  
to flush out of  the site and  the deepen ing  of  the 
channel  was likely constrained by- baselevels im- 
posed  by larger tidal inlets (French and Stoddart  
1999). 

Is it necessary to excavate an ent i re  creek 
network? Based on  data fi-om third-order  systems 
along the California coasL Coats et al. (1995) 
hypothesized that constructing 80% of the drainage 
network would allow the remaining 20% to develop 
volunteer  first-order creeks. Following the initial 
contract ion in our  four th-order  system, tile con- 
structed and volunteer  creeks e longated 23% in just  
4 yr, primarily th rough  first-order creek elongation. 
Drainage density increased f rom 2000 to 2003 to the 
level of  our  reference system (Table 2, Fig. 8). We 
attribute the high drainage density- to constructed 
creeks tha t  es tabl i shed h igher  base l ine  values 
and natural  creek deve lopment  that occurred  via 
s lumping and  headward elongat ion (Gabet  1998: 
Friedrichs and Perry- 9001). We agree with Coats et 
al. (1995) that  creeks readily form and extend on 
their  own when adjacent to an excavated fourth- 
order  channel  or  third-order  creek network. Deci- 
sions to excavate fewer, larger creeks versus an 
entire creek network should rely on project  goals 
and  also site character is t ics  tha t  as c reek  
elongation. 

Topograph ic  and hydraulic gradients, sediment  
texture (Zeff 1999), and vegetation cover (Garofalo 
1980) all affect creek elongat ion rates, according to 



several studies. Positive topographic gradients at- 
tected creek size in an experimental restoration in 
Coos Bay~ Oregon  (Comu and Sadro 2002), We 
observed similar patterns: constructed creeks elon- 
gated headward and volunteer creeks initiated 
primarily in the mudYlat where a steep topographic 
and associated hydraulic gradient occurred between 
the mudflat and the main channel bed. Sediment 
texture affects bo th  shear s t rength and water 
con ten t  (Crooks and Pye 2000: Crooks et al, 
2002)~ and sandy reterence systems are known to 
reach maximum channel  densities sooner  than 
finer sediment systems (Allen 2000), The parent  
substrate at the Friendship Marsh was dominated by 
sands (62% sands, 38% fines: Thorbjarnarson and 
Stuart 1998) while material accumulating on the 
marsh surt~tce was finer (15% sand, 65% sill and 
20% clay- at 0-2 cm depths).  Textures at the 
reference site were even finer (0-10 cm depths 
were 66--71% clay~ 24-26% silt, and 4-20% sand: 
Weis et al. 2001: Ward et al. 2003). Differences in 
texture are likely due to geomorphic  position: the 
reterence site receives sediment ti~om Tijuana River 
and a gently sloping floodplain, while Friendship 
Marsh receives coarse sediment from a local water- 
shed with highly-erodible slopes (Battalio and 
DeTemple 1998: Elwany et al. 2003). Given its 
coarse parent  substrate~ Friendship Marsh might 
exceed the drainage density of the reference site 
over time, al though the evolution rate will slow as 
fine sediments accrete and the marsh surface 
elevates~ according to models depicting the dynamic 
equi l ibr ium of  young  marshes (Pethick 1981: 
French and Stoddart 1992: Allen 2000). Expanding 
vegetation will also affect future creek development 
as it binds sediments~ slows erosion, reduces lateral 
migration of  creeks, and dissipates flows (Ward et al. 
1984: Gabet 1998: Micheli et al, 2002: Laua-ence et 
al. 2004). Creeks typically originate in tidal flats as 
the ebb tidal flow incises mud  and sedimentation on 
mudflats elevates creeks to a level where vegetation 
stabilizes flats (Pestrong 1965: Allen 2000). At 
Friendship Marsh, we observed that the longest 
vo lun tee r  creek (65 m in length)  e l o n g a t e d  
through sparse Sparti#a habitat (4-m spaced plant- 
ings). Other  biota might have contributed to tidal 
creek erosion, as found  for polychaetes in southeast 
England (Morris et al. 2004: Paramor and Hughes 
2004)~ crabs in Argent ina  (Perillo 2003)~ and 
decapods in eastern U.S. (Letzsch and Frey 1980), 
In our  study, development  of  constructed and 
volunteer creeks tbllowed patterns described tbr 
other  marshes such that initiation and elongation 
occurred in the low elevations in conjunction with 
high gradients and according to vegetation cover 
and bioturbators, al though we lack data on the 
latter. 

Evolution of Tidal Creek Networks 8 D 7  

FACTORS AFFECTING MARSH SURFACE AND TIDAL 
PRISM CHANGE 

On the marsh suls accretion occurred at high 
magnitudes in winter and cont inued at lower levels 
th rough  all seasons from 2000 to 2004 (Fig. 3). Peak 
and long-term rates were comparable to those at the 
nor th  arm reference site (9.5 cm per storm season 
in this site versus 1.9-12.7 cm in the north arm: 
Ward et al. 2003: and long-term rates of  1.3 in this 
study versus 0.71-1.23 cm yr 1 in the north  arm: 
Weis et al, 2001), We attribute high sedimentation 
rates to abundant  sediment sources and settling lag 
effects, discussed below, 

Following other  work (Hatton et al. 1983: French 
and  Spencer  1993: Callaway et al. 1997), we 
observed that sedimentation decreased with in- 
creasing elevation (Fig, 4), Rising tides inundated 
the mudflat, and flood flows likely lost power as they 
reached higher elevations, so less sediment was 
accre ted  in Spartina and marsh-plain habitats 
(Christiansen et al, 2000: Voulgaris and Meyers 
2004). Flood flows spilling over creek banks can 
develop levees at creek edges (Letzsch and Frey 
1980), bu twe  did not observe this until yr 5 (Fig. 7). 
Still, areas distant from creek margins were not 
significantly affected by the presence or absence of 
a creek network within the cell (p - 0.23 at the 6- 
mo level). This result agrees with the finding of 
Reed et al. (1999) that sedimentation decreased an 
order  of magnitude within 20 m of creek edge, 

Constructed creeks did not directly affect sedi- 
mentat ion at marker horizons, but  there was an 
interaction with habitat type. While shallow flows 
across the marsh surthce can be highly complex and 
t ime d e p e n d e n t  (Lawrence et al, 2004), the 
differences we tound  in sediment deposition be- 
tween muclflat and Spartina habitats in +creek versus 
- c r e e k  cells (2,6 versus 0.8 cm and 1,9 versus 1.2 in 
12 mm respectively) can be explained by- drainage 
patterns. Mudflats in +creek cells experienced flood 
flows from two sources and directions (creek banks 
and marsh margin), while mudYlats in - c r e e k  cells 
primarily received flows tkom the marsh margin. 
Greater volumes of water meeting on the mudYlats 
adjacent to creeks deposited more  sedimenL which 
may have depleted the suspended load before flows 
inundated the Spartina habitat. Because habitats in 
- c r e e k  cells received flow from only one direction, 
the sedimenta t ion gradient  f rom low to high 
elevations was gentler (Fig, 4). 

As with creek elongation rates~ high sedimenta- 
tion rates were likely accentuated by the texture of 
local sediment sources. Net  deposition of  material 
indicates that ebb tides were not  strong enough to 
flush out the sediments b rought  in during floods 
(Pethick 1980: Schostak et al, 2002): this tidal 
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discharge asymmetry has a long-term influence on  
the t r anspor t  of  s ed i m en t  in na tura l  marshes  
(Myrick and Leopold  1963: Boon 1975: French 
and Spencer  1993). According to Postma (1961)~ 
net  accretion increases as particles react slowly to 
velocity- changes~ and  they are t ranspor ted  tur ther  in 
the f lood direction than would be  the case if settling 
were instantaneous. Particles b rough t  in with f lood 
tides can settle in places where the ebb tides are too 
weak to carry- them away-. Sediments at the sand-silt 
boundary  that characterize Friendship Marsh are 
especially susceptible to such lag effects~ as demon-  
strated by sedimenta t ion in the Gradyb tidal area  of  
western Denmark  (Bartholdy 2000). C om pared  to 
f iner  particles~ higher  velocities are necessary to 
carry sand and sil l  and these high velocity- flows can 
project  particles fur ther  into the marsh,  where they 
are not  easily resuspended  (Bartholdy 2000), 

Changes induced  by wind-wave activity can also 
substantially affect geomorph ic  deve lopmen t  in 
res tora t ion  sites (Williams and  Or r  9002). At 
Friendship Marsh, resuspension events occurred  in 
all habitats but  most  often in the marsh plain (27 
versus 18 versus 92 events to t  marsh plalm ,Sparti#a~ 
and muckflaL respectively). We interpret  this pa t tern  
of  resuspension to wind waves as opposed  to tidal 
currents~ because strong tidal currents  were lacking 
in the marsh plain (Mickelson personal  communi-  
cation). Wave-induced bed  shear stress is a funct ion 
of  wave power: it depends  on  tetch length, wind 
velocity-, and the inverse of  water dep th  (USAGE 
1984), Shallow water depths  in the marsh plain were 
m o r e  vulnerable  to resuspens ion  than  d e e p e r  
Spartina and mudflat  areas: the marsh  plain was 
mostly devoid of vegetation that would have re- 
duced resuspension, The  prevailing winds blow west 
to east, and t ransportat ion of  material  by- wind- 
driven waves was evidenced by higher  accumulat ions 
of  wrack in eastern cells (Morzaria-Luna 2004), We 
would expect  wave energy- to increase with te tch 
length f rom west to east over the site, and this 
corresponds with the higher  fi-equency of resuspen- 
sion events observed in the eastern cells (15% and 
19% frequency in cells 5 and  6~ respectively). Wind 
speeds, water depth~ and fetch at Friendship Marsh 
are capable of  generat ing waves on the marsh plain 
that could resuspend local sediment.  With mean  
wind speeds of  12.1 km h -1 west northwest  (San 
Diego-Lindbergh field unpubl i shed  data),  water 
levels ranging f rom 0.0 to 0.8 m (2001-2003: NERR 
9005), and average wind tetch of 500 m~ wind waves 
on the marsh  plain would be genera ted  at heights 
and associated velocities that  exceed the threshold 
necessary to resuspend individual silt and sand 
grains. The  range of  wave heights genera ted  at the 
study area was 0.1 to 0.19 m with a per iod  of 0.65- 
1.17 s. Resuspension of sand particles < 0.15 m m  

would require a wave height of  0.09 m in the 
m a x i n m m  per iod  and  water dep th  (1,17 s and 
0.8 m, respectively: USAGE 1984). We lack data on 
suspended sedimenL but  it is possible that resus- 
pens ion  of  clay particles (as opposed  to flocs) would 
occur first, and once suspended,  such particles 
could be t ranspor ted  offs i te  by- the gentlest of  tidal 
flows (Letzsch and  Frey 1980), explaining the 
scarcity of  clay-sized part icles  on the  sparsely 
vegeta ted marsh  plain. Resuspension was more  
commonly  d o c u m e n t e d  in summer  periods and 
might  be  explained by increased bioturbat ion of  
sediment  left fi-om winter storms (Letzsch and  Frey 
1980). 

We link resuspension processes to the tbrmat ion  
of  pools t h r o u g h o u t  the site. Pools would be  
accentuated where wrack deposit ion impedes  drain- 
age. Because plants dissipate wave energy- and b ind  
sed imen t  (Ward et al. 1984: O n u f  ]987: Van 
Proosdij 9000)~ resuspens ion was lower in the 
Spartina habitat and more  f requent  in bare areas 
on the marsh  plain and mucLflat. We attribute the 
fo rmat ion  of large marsh-plain pools in the eastern 
cells (Fig, 1) to higher  resuspension frequency and 
net  t ransport  of  clay- offsite.  

Although the tidal pr ism was sustained within 
a range of reference system values dur ing the study~ 
the volume between the marsh smTace and M H H W  
did decrease as sedimentat ion and elevation in- 
creased. The  volume will likely cont inue  to de- 
crease, bu t  we expect  the marsh  surface to build 
until  the shor tened  per iod  of inundat ion limits 
sedimentat ion,  leading to a stable marsh  surf~tce 
elevation below the highest annual  tide. The  time to 
stabilization will depend  on  the rate of  sea-level rise~ 
sediment  inputs~ plant  mat ter  accumulat iom and 
au tocompact ion  (Pethick 1981: Allen 9000). Be- 
cause creek network size and complexity are an 
increasing funct ion of  the marsh  surface height  and 
age (Allen 9000)~ we might  also expect  loss of  marsh 
surface tidal pr ism to be compensa ted  by increased 
creek volume (Halt iner  personal  comnmnica t ion) .  
It appears  that  creek drainage density- and the cross- 
sectional area  of  the  fbur th-order  creeks were 
expanding  to compensate  for lost volume on the 
marsh  surt~tce. Simultaneously-, vegetat ion and  bio- 
genic processing of the surt~tce were increasing 
roughness,  thereby increasing lateral flow to the 
creeks as they e longated (Lawrence et al. 9004). 
Greek elongat ion would allow an increasing pro- 
por t ion  of the marsh surt~tce tidal pr ism to be 
routed  th rough  creeks instead of  the marsh  margin.  
As ind ica ted  by French  and  S toddar t  (1999)~ 
elongation of creeks is most  rapid dur ing early 
phases of  marsh development ,  and  by maturity most  
of  the pr ism is in a stable creek network. While the 
cross-sectional areas of  third-order  creeks did not  



increase~ they might  in the future~ depend ing  on 
sedimentat ion,  storms, changes in roughness of  the 
marsh  surt?tce, and  tidal circulation. Despite recent  
mode l ing  of  creek  cross-sectional d e v e l o p m e n t  
(Fagherazzi and Furbish 2001)~ fur ther  field re- 
search is needed  to unders tand  how marsh  surt~tce 
tidal pr i sm a~tects the deve lopment  of  tidal creek 
networks in restoration settings, 

RECOMMENDA~I'IONS 

A key first step in p lanning for  restoration of tidal 
wetlands is to ident ify factors tha t  will affect 
geomorph ic  development .  Sedimenta t ion and  re- 
suspension will aftect creek dimensions,  tidal prism, 
pool  fo rmat iom and levee development .  Relative 
elevation~ grain sizes, and vegetation will affect the 
location and rate of  elongat ion of  tidal creeks. It is 
no t  sus to tocus on biological targets and  
physical characteristics of  re terence sites. 

Plans tor  creek excavation should be  directed 
toward establishing a basic creek t empla te  tbr  
e longat ion and accelerating creek development  in 
higher  elevation areas where they are less likely to 
develop on their own com pared  to the mud_flat 
position. By compar ing  _+creeks cells, we observed 
that  volunteer  creeks in - c r e e k  cells did not  achieve 
restorat ion targets for drainage density and  creek 
dimensions within 5 yr. If  we had not  excavated 
creeks, volunteer  creeks would likely have t b r m e d  
a long  the  marsh  marg in  bu t  would not  have 
e longated onto the marsh plain. In a setting where 
catastrophic sedimentat ion events were likely, the 
worst-case scenario might  have been  the develop- 
m e n t  of  a f ine-grained levee at the marsh  margin 
that  severely limited tidal flushing across the marsh 
surface. To  enhance  restoration site functioning,  
creeks need  to be  built into restorat ion sites or at 
least jump-star ted.  

To encourage  creek elongation in higher  eleva- 
tions~ we r e c o m m e n d  leaving unp lan ted  corridors, 
where erosion can occur  without  encoun te r ing  
roots and  rhizomes. Elevation gradients and vege- 
tation plantings can be  manipula ted  to p romo te  
creek elongat ion th rough  careful grading and  the 
use of  kelp amendments .  Surface elevation data 
ind ica ted  tha t  kelp a m e n d m e n t s  r e d u c e d  the 
bulk density- of  the soil and  accelerated Spartina 
growth (O'Brien and  Zedler  in press), counter-  
acting compact ion  processes dominat ing  elsewhere 
(Fig. 5). 

We encourage  others to d o c u m e n t  creek and  
channel  dimensions~ drainage density~ sedimenta-  
t iom resuspensiom and elevation change to increase 
the  unde r s t and ing  of  how res tored  ecosystems 
develop over time. We also encourage  the design 
of  projects to support  adaptive restoration~ wherein 
options can be tested in an exper imenta l  fralne- 
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work, Tidal creeks suppor t  habitat  and biological 
diversity- (Coats et al. 1995: Marion et al. 2001: 
Morzaria-Luna et al. 2004), and the excavation of 
tidal creek networks can aid the deve lopment  of  
a d r a i n a g e  ne twork  c o m p a r a b l e  to r e f e r e n c e  
systems. 
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